To characterize airborne particles near high-tech industrial parks, this case study used an eight-stage micro-orifice uniform deposit impactor sampler to analyze trace metal patterns in different size groups of airborne particles at the Central Taiwan Science Park (CTSP) in Taichung. To rapidly screen out the potential pollution sources according to the analytical results, a novel model based on expected value theory is proposed. The analytical results show that the ambient air near the CTSP is rich in fine and ultrafine particles and V, As, Ga and Cd have significant increases in ultrafine particles between upwind and downwind areas of CTSP. The proposed source screening tool indicates that CTSP is the major contributor to airborne concentrations of Ga and As in the ambient air near the CTSP, especially in fine and ultrafine particles.
INTRODUCTION
Airborne particles are related to many adverse health outcomes on the human cardiovascular and respiratory systems (Dominici et al., 2006) . The potential health risk is highly related to the size and composition of particles and their capability to carry toxic compounds (Spurny, 1998; Hinds, 2012) . Recently, ultrafine particles (UFPs), i.e., particles with a diameter less than 100 nm, have attracted great attention due to their high deposition fraction, large available surface area, potential to translocate to the circulatory system, the ability to induce inflammation and higher toxicity than larger size particles (Hinds, 1999; Allen et al., 2001; Morawska et al., 2001) . Typically, UFPs constitute more than 80% of PM 10 (Morawska et al., 1998) . The compositions and size distributions of UFPs depend on their sources, life time in the atmosphere, and meteorological conditions (Ntziachristos et al., 2007) . For example, Song and Gao (2011) identified trace elements such as Al, Fe, Sc, and Mn in crustal sources (particulate matter with aerodynamic diameter larger than 1.0 µm) (Song and Gao, 2011) . Due to the large available surface area, trace metals are often accumulated in fine airborne particles (Allen et al., 2001) . In ultrafine particles and fine particles, Zn, Pb, Cu, and Mn are the major trace metals produced by vehicles and high technology factories .
The sources of airborne particles also determine their characteristics (Sun et al., 2010) . Since vehicles are considered a major emission source of particles, particles with diameter 10-300 nm can be measured in their exhaust (Manoli et al., 2002) . Researchers have also found that particles in vehicle emissions are rich in trace metals such as Cu, Fe, and Sb during fuel combustion (Ntziachristos et al., 2007) . Another important source of fine airborne particles is factories, especially those that use nano-processes. Huang et al. (2011) reported high concentrations of heavy metals (Zn, Pb, Cu, and Mn) in the ambient air near the Hsinchu Science Park of Taiwan, where many semiconductor and optoelectronics producing facilities are located. Because gallium arsenide (GaAs), indium arsenide (InAs) and aluminum gallium arsenide (AlGaAs) are major raw materials used in the semiconductor and optoelectronics industries (Tanaka, 2004) , high concentrations of trace metals (Ga, As, Cd, In and Tl) can be found in tissues of animals in the area (Suzuki et al., 2007) . Chen (2007) examined the personal exposure of semiconductor manufacturing industry employees to gallium (Ga), indium (In), and arsenic (As) by monitoring concentrations of these substances in inhalableair and urine. They reported that the cancer risk estimated by the level of inhaled arsenic was higher than the allowable risk of US EPA (Chen, 2007) . Animal experiments have also shown the toxic effects of GaAs in the lungs, kidneys, and immune system. Notably, the International Agency for Research Cancer classified GaAs as a Group 1 carcinogen to human (Fowler et al., 2011) .
To identify the respective sources of airborne particles, others studies have used source apportionment methods, including source-based and receptor-based approaches, to mine contribution information from the chemical composition of particulate in ambient air samples (Gertler et al., 2000; Wang et al., 2008) . Various methods such as the backward trajectory model and an observation based receptor model have been used to categorize the emissions that contribute to ambient tracer particles concentration under these complex terrain and meteorology conditions (Hirdman et al., 2010) . Statistical approaches have also been used to distinguish between long-range transport and regional transport of PM 10 (Juda-Rezler et al., 2011) and to quantify the major compositions of PM 2.5 (Thurston et al., 2011; Pateraki et al., 2014) Although various source apportionment techniques have been developed, a rapid screening tool based on pollutant concentrations and weather conditions is still needed when additional information such as chemical fingerprint is not available.
The Central Taiwan Science Park (CTSP) in Taichung site is one of the most important semiconductor manufacturing sites in the world. The CTSP manufactures semiconductors, electronics and electrical peripherals with a total investment of USD 25 billions. Although the CTSP generates considerable economic profits, its ambient emissions of various pollutants are massive (Chein et al., 2006; Suzuki et al., 2007; Fang et al., 2011; Chen et al., 2013) . A clear understanding of the features of airborne particles at this site is needed to address the public concerns, while searching for various management strategies. In fact, physical and chemical properties of airborne particles near high-tech industrial areas such as the CTSP, especially those of fine and ultrafine particles, are seldom studied owing to their uniqueness. Thus, this work had three objectives: (1) to observe the size distribution of particulates; (2) to measure the difference of metal composition in various size-based distributed groups; (3) to identify the contributors to airborne particulates using the proposed expected value model. Fig. 1 shows the study area, which is the CTSP, where photoelectronics, semiconductor and precision machinery manufacturers have operated since 2005. The east and south of study area are connected to the Taichung Metropolitan area, which has a population of 1.5 million. Approximately 5 km to the south is the Taichung Industrial Park, a conventional machinery industrial complex that has operated for 30 years. About 3 km to the southwest is the Taichung Refuse Incinerator with a daily throughput of 900 wet tons. About 2 km to the east is a national highway system. The coast line of the Taiwan Strait and Taichung coal-burning power plant are about 15 km to the east of the study site. The extensive road network near the study areas includes two National Freeways and Taiwan Boulevard. Various potential pollution sources of airborne particles are distributed near the study area. To address the human health risk of the CTSP, local governors must not only determine the concentrations of airborne particles, but must also quantify the contributions of potential pollution sources to regional air quality for advanced air quality control.
MATERIALS AND METHODS

Background Introduction
Sampling Design and Laboratory Analysis
Based on Official Meteorological Records for the past year, the concentrations and composition of airborne particles in downstream and upstream areas of CTSP in the past year were measured at two sampling sites, Daya and THU. Over a 24-hour sampling period, 18 samples were collected by an eight-stage micro-orifice uniform deposit impactor sampler (MOUDI, TM Model 110, MSP Corporation, Minneapolis, Minnesota, USA) during Jan. and Sept. 2013. Based on the industries at the CTSP, twenty metals were selected for laboratory analysis: Al, Fe, Na, Mg, Ca, K, In, Mo, Zn, Cr, Cu, Pb, Mn, Ni, Sn, V, Cd, As, Ga, Ge. The MOUDI sampler was used with a flow rate set to 30 L min -1
. Nine staged size fractions (18, 10, 5.6, 3.2, 1.8, 1, 0.56, 0.32, 0.18 µm) were separated after the sampling procedure, and PTFE filter substrates (Pall Corp., 47mm diameter, 1 µm pore size) were used on all stages (Allen et al., 2001) . The filters were put in a temperature-and humidity-controlled incubator for at least 24 hours at a temperature of 25 ± 5°C and a R.H. of 50 ± 5%. The samples collected by MOUDI are carried into digestion procedure with HNO 3 (Merck, 60% Ultrapur) and H 2 O 2 (Merck, 30% Ultrapur) at a controlled temperature of 80-90°C. The digested samples were then analyzed by Graphite Furnace Atomic Absorption Spectrometry (GFAAS, Hitachi, Z-2000) to measure the metals in the particles. The recoveries of various metals are measured as Al (81%), Fe (109%), Na (82%), Mg (94%), Ca (85%), Mn (99%), Pb (82%), K (110%), In (107%), Zn (89%), Mo (95%), Sn (97%), Cr (89%), Ni (87%), V (103%), Ge (80%), Ga (92%), Cd (94%) and Cu (91%). Totally, the recoveries were in the range of 80%-110%. Moreover, the method detection levels (MDLs) for various metals in this study are Al ( ). The information of recoveries and MDLs for measured metals was also presented in Table 1 .
Pollution Source Identification Using the Expected Value Theory
In statistics and probability analysis, the expected value is defined as the result of multiplying each of the possible outcomes by the likelihood of each outcome occurring and then summing the values. The likelihood is the probability in the case of a discrete random variable of the density in the case of a continuous random variable. From a rigorous theoretical standpoint, the expected value is the integral of the random variable with respect to its probability measure. Thus, if X be a discrete random variable taking values x 1 , 
If a sampling site is a receptor of any air pollution event, the long-term monitoring result in this site can reasonably be considered as the comprehensive outcome of potential pollution sources during the monitoring period. In accordance with expected theoretical value, this study assumes that the long-term monitoring result is the expected value for a special pollutant, where x i is the possible contributions from potential pollution source i to a monitoring site, while p i is the likelihood that x i occurs.
This study assumes that the likelihood p i , which is calculated using Eq. (1), is determined by environmental media such as regional wind fields. Thus, this study assumes that the monitoring site is the center and divides the local wind field into eight directions. Eq. (2) is then used to formulate a discrete possibility event to describe the relationships between pollution sources and monitoring sites. In this calculation, E j (x) is the long-term sampling result in site j; x ij is the contribution of pollution source i to the measured concentration in sampling site j; p(x ij ) is the occurring possibility that the pollution source i may affect the measured concentration in sampling site j. In Fig. 4 , the possibility of an occurrence is calculated by Eqs. (3) and (4) according to the meteorological data in the study area. In which, N ij is the frequency of i th wind direction for site j.
Finally, variable x ij can be obtained by linear regression analysis. Based on such an assumption, the airborne particles contributed by potential sources can be quantified for any sampling site. Table 1 reveals the concentrations of heavy metals measured in various PMs in fractions the study area. Based on the literature (Hu et al., 2006; Verma et al., 2009; Cuccia et al., 2013; Mohiuddin et al., 2014) , the se metals are categorized as crustal elements, mobile sources, and stationary sources according to the characteristics of emission sources. Except for Mg, most concentrations of metals in this study area were no larger than those measured at other sites. We hypothesize that the moderate concentrations were obtained because the study area is a developing region with low traffic loading and extensive vegetation.
RESULTS AND DISCUSSION
Descriptive Statistics of Measured Particles
To measure ambient contributions of CTSP in airborne particles, Fig. 2 shows that each pair of measured values at Daya and THU sites are categorized as upwind and downwind values according to the corresponding meteorological data. Table 1 shows that concentrations of Pb, Zn, Ni, and V are significantly increased up to approximately 40%, and up to 120%. The increases are expected since GaAs is an important raw material for semiconductor-related factories (Suzuki et al., 2007) . The high variation in the downwind group implies that local wind fields have an important effect and that the developing CTSP is being under unstable operation.
Distribution of Heavy Metals in Different-Sized Particles
Size distributions of chemical elements can be used to evaluate the sources of particulate pollution in the urban atmosphere (Lü et al., 2012; Mohiuddin et al., 2014) . For a clear characterization of ambient airborne particles at CTSP, Table 2 shows the patterns of trace metal patterns in PMs. The particles were categorized as coarse (5.6-18 µm), fine (1-5.6 µm), and ultrafine (0.18-0.56 µm). The trace metals analysis results indicate that the particle sizes of all metals except Ca are larger in upwind areas than in downwind areas. This indicates that CTSP is not the main source of crustal element. In the mobile source group, the concentrations of Pb and Ni in coarse particles were significantly larger in upwind areas than in downwind areas. The concentrations of Zn in fine and ultrafine particles are approximately 50% higher. Moreover, the concentrations of K and Mn in fine particles are 25% higher. This indicates that mobile sources cannot be ignored when evaluating the health risks of PMs. In the stationary source group, concentrations of V, As, Ga and Cd in ultrafine particles were significantly higher in upwind areas compared to downwind areas. Instead, concentrations of Ge in fine particles were higher, which indicates that the CTSP is a major contributor to concentrations of airborne particles, particularly fine and ultrafine particles. Fig. 3 presents the mass percentages of trace metals in the coarse, fine and ultrafine particles. Fine and ultrafine particles comprise approximately 60% of all airborne particles by mass in all measured metals. The ambient air at the CTSP is rich in fine and ultrafine particles produced by the CTSP or by neighboring sources. In both upwind and downwind areas, the metals with the five highest mass percentages of ultrafine particles were As, Pb, V, Ge and Ga. Comparisons of Fig. 3(a) with Fig. 3(b) show that rankings Cu, Cd and Ga are significantly higher in downwind areas compared to upwind areas. Although Table 1 shows that Cu concentrations are very similar in upwind and downwind areas, its distribution in different-sized particles is different. This implies that the CTSP changes the quality and quantity of airborne particles near the CTSP.
Source Apportionment of Particulate Matter
Concentrations of Cd, Ga and As were used as examples when applying value theory to apportion the pollution sources for a given sampling site. Areas surrounding the sample sites were separated into eight potential sources of pollution. The wind direction during sampling was considered when calculating the contribution possibility of a pollution source to a sampling site. Table 3 shows the concentrations of Cd, Ga and As in ultrafine particles at Daya and THU sampling sites. The frequency of prevailing wind directions during sampling is also shown. Fig. 4 shows the results of source apportionment by expected theoretical value. The contribution levels to the concentrations of Cd, Ga and As in ultrafine particles from different wind directions are labeled by different colors. In Fig. 4 , areas with high contributions to a given sampling site are shown in red, and a darker red indicates a larger contribution. In contrast, a diluting effect from wind from these directions is indicated in green. Table 4 shows the results of source apportionment for different-sized particles in terms of Cd, Ga and As. Fig. 4 and Table 4 indicate that CTSP is a major contributor to Ga and As in ultrafine particles. The Cd may be produced by the southeast area of the Daya sampling site rather than by the CTSP. Moreover, Taichung Industrial Park may have a large contribution to concentrations at the THU sampling site. As the 3D topography map shows, the CTSP Table 3 . The concentrations of Cd, Ga and As in ultrafine particles and the probability of various wind directions. is located on the mountainside of Dadu Mountain. The large contribution of pollution from the southwest direction of the THU sampling suggests that the low chimney policy of CTSP likely leads to the accumulation of pollutants. That is, the local geography of the Southwest area of the Daya sampling site may lead to increased concentrations and may also increase its contribution to the Daya sampling site.
Number
CONCLUSIONS
Measuring contributions of pollution sources to a given receptor is important to decision makers when designing a pollution reduction plan, especially for areas with numerous factories and industrial parks. Although various techniques for source apportionment have been developed, a rapid screening tool based on pollutant concentrations and weather conditions is still needed if additional information such as chemical fingerprint is unavaible. The CTSP is an important base for the global high-tech industries, including semiconductors, electronics and electrical peripheral. In there, nanotechnologies are widely applied to manufacture various precision products. The analytical results showed high concentrations of fine and ultrafine airborne particles in the ambient air near the CTSP, which contributed to other pollution sources nearby. The CTSP has changed the patterns of airborne particles either in the total concentration or in the metal composition of airborne particles, especially in ultrafine particles. Apparently, ultrafine particles of Pb, Zn, Ni, V and Ga have significantly increased in concentration from 39.37%, 42.36%, 40.65%, 37.50%, 120%, respectively.
Complex terrain conditions in the study area play an important role in the transport of pollutants and that may result in the accumulation of pollutants in ambient air at the CTSP.
